Altered and highly dynamic shear stress conditions have been implicated in endothelial dysfunction leading to cardiovascular disease, and in thromboembolic complications in prosthetic cardiovascular devices. In addition to vascular damage, the pathological flow patterns characterizing cardiovascular pathologies and blood flow in prosthetic devices induce shear activation and damage to blood constituents. Investigation of the specific and accentuated effects of such flow-induced perturbations on individual cell-types in vitro is critical for the optimization of device design, whereby specific design modifications can be made to minimize such perturbations. Such effects are also critical in understanding the development of cardiovascular disease. This review addresses limitations to replicate such dynamic flow conditions in vitro and also introduces the idea of modified in vitro devices, one of which is developed in the authors' laboratory, with dynamic capabilities to investigate the aforementioned effects in greater detail.
Implantable blood recirculation devices, artificial hearts and heart valves, have long been used as life-saving alternatives for people with severe cardiovascular diseases. However, such devices require complex anticoagulation therapy and, as a consequence, are linked to postimplant complications, such as hemorrhage. Despite the anticoagulation therapy, the risk for cardioembolic stroke is not eliminated. Although biocompatibility of these recirculation devices is of utmost importance, optimizing the geometric design of these devices is also critical to avoid flow-induced trauma to blood. Over the years, a definite link between fluid shear-stress-induced damage and activation of blood constituents such as platelets and red blood cells, has been established. Irregular flow patterns arising around complex geometries (e.g., the hinge regions of mechanical heart valves [MHV]) have been recently characterized by numerical calculations and noninvasive flow measurements, and are implicated in causing flow-induced thromboembolism (TE). For instance, the Medtronic Parallel™ valve exhibited regions of elevated turbulent stress around the hinges due to its specific geometry, which, in addition to other factors, such as localized vortex flow regions, may have led to thrombus formation in several valve recipients [1] . In another case, tilting of the valve (i.e., improper orientation during implantation) was found to cause regions of high turbulence and regurgitation flow around the implantation [2, 3] . Flow-induced platelet activation within a left ventricular assist device (LVAD) due to flow past prosthetic heart valves (PHV) have also been investigated in vitro and in vivo [4] [5] [6] . However, these investigations mostly provide a bulk measure of platelet activation and it is difficult to identify the specific regions in which platelet activation occurs. In order to achieve successful and efficient device design optimization process, there is a need for in vitro systems that can replicate specific flow irregularities (due to device geometry) that cause the maximum thrombogenic damage.
Recent computational studies on flowthrough PHVs have focused on delineating complex dynamic shear-stress trajectories during
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Review Girdhar & Bluestein forward and leakage (regurgitation) flows upon valve closure, which has been demonstrated to have a higher propensity to cause blood damage [7] [8] [9] . Flow patterns near the hinge regions and boundary walls of PHVs induce recirculation zones and shed vortices that enhance platelet activation and promote thrombus formation, due to a combination of longer exposure times to elevated shear stresses [10] . Minor design modifications (e.g., the hinge region) in PHV manifest in varying spatio-temporal patterns of shear stress and exposure to them, and may lead to pronounced differences in platelet activation, and hence the thrombogenic performance of the valve [11] . Load history (cumulative shear stress and exposure time over Lagrangian trajectories) computed numerically and as measured by particle image velocimetry (PIV) demonstrate good correlation in both the recirculation (leakage) and jet (forward flow) zone [10, 12] . Specific trajectories within the flow field, through the device, increase the rate of thrombin generation by platelets, as compared to bulk-flow trajectories. Stress-specific effects on blood therefore, need to be identified and investigated, to facilitate the modification of geometric features in the device that induce such flow pathologies.
To achieve this objective, it is essential to integrate numerical and experimental approaches in a top-down manner to estimate thrombogenic risk associated with a specific geometry of the recirculation or an implantable device. Such an approach should involve a numerical characterization of flow patterns and regional shear-stress distributions along pertinent flow trajectories within a device. This information could then be programmed into a dynamic in vitro shear device in which individual shear-stress patterns and their load history are replicated. The fluid of interest could be a platelet or red cell suspension or whole blood, and the damage or activation on the same due to a specific shear-stress trajectory could therefore be experimentally quantified. Effects of localized high or low shear stress may be dramatically different in their effects on circulating blood cells and the vasculature. The dynamic in vitro device should therefore additionally facilitate investigation of thrombogenic effects in a multicellular milieu. Most of these devices are designed to uniformly expose a suspension of cells to the same stress level, accentuating the effects of this exposure that may otherwise be masked when measuring bulk properties in a device.
The present review article discusses the importance of such regional and complex shear stresses and the in vitro devices that can be used to investigate their effects on cells. The development of annular and cone-plate viscometers, as compact flow systems to study laminar as well as turbulent flow, is discussed. These ideas are integrated into the hemodynamic shear device (HSD) developed in the authors' laboratory, to study shear stress-induced regulating or damaging effects on blood and the vasculature. Finally, the effect of pathological shear stresses investigated in such devices on red blood cells (RBC), platelets and endothelial cells are reviewed.
Criteria for a viscometer or HSD design
The design of the viscometer or HSD incorporates two aims:
• The ability to be a virtual and universal (device independent) thrombogenicity testing tool for any blood recirculation device for its design optimization. In other words, it should be capable of accentuating the minute effects of device design modifications (e.g., PHV pivot designs or opening angles) on the cells of interest (e.g., platelets, RBC and endothelial cells);
• The ability to investigate normal and pathological shearstress conditions for multicellular environments, within the same device.
To accomplish these aims, the viscometer or HSD should incorporate the following features:
• The cells (suspension or cultured or both) within the viscometer should be uniformly exposed to the programmed dynamic shear stresses. Additionally, secondary flow effects in the HSD should have negligible effects;
• The viscometer should be capable of being programmed and should replicate any type of stress-loading waveforms (obtained numerically or from in vivo studies);
• The fluid-inertial effects within the viscometer should be negligible. In other words, the timescale over which uniformity of shear stresses is achieved should be less than that of the dynamically changing shear stresses;
• The HSD or viscometer surfaces must minimize contact activation or damage of cell suspensions. This may be achieved by utilizing approved biocompatible coatings or materials for cardiovascular devices, within the HSD;
• The viscometer must facilitate periodic sampling of cell suspensions or alternative methods such as microscopy, to monitor changes in real-time activation state of the cells, as they are being exposed to dynamic shear stress.
The following section discusses some of the key features of Couette and cone-and-plate viscometers, and their suitability for objectives mentioned previously.
Annular Couette viscometers

Background
These viscometers consist of two coaxial cylinders with the fluid of interest occupying the gap between the two cylinders. Shear stress is introduced by rotation of either cylinder, or coor counter-rotation of both cylinders depending on the application of use. Viscosity of the test fluid as a function of shear stress, geometry and rotation rate can then be determined with empirical formulae for Newtonian fluids. The earliest rotational viscometers were designed and used to determine altered blood viscosity during pathological conditions, such as coronary occlusion and arterial thrombosis, and RBC aggregation, under different low shear rates [13] [14] [15] . Computer-controlled Couette viscometers were introduced in the early 1980s to investigate change in viscosity of blood with increasing shear rates [16, 17] , and also to investigate abrupt critical shear stress and exposure time limits that induce hemolysis of RBC [18] . While mostly restricted to clinical applications (measurement of blood viscosity), in vitro studies investigating platelet activation and the influence of RBC on the same further led to the development of oscillatory-flow and optically transparent Couette viscometers by which flow patterns and interaction between the blood constituents could be observed under physiological conditions [16, [19] [20] [21] [22] [23] . However, the utility of such viscometers to explore pathophysiological and device-induced dynamic shear stress conditions has only recently been implemented [24] .
In order to explore highly variable shear stress effects on circulating cells, the flow field in such viscometers needs to be characterized. The primary requirement of an ideal viscometer, as mentioned previously, is to be able to maintain uniformity in shear stress over a dynamic range. Secondary flow effects such as the formation of turbulent eddies, vortices and other regions of localized shear stress, may induce artifactual effects on the cells. For instance, the Kolmogorov length scale for the smallest eddy for flow past MHV was found to be 4.66 µm [6] . This being comparable to the diameter of the platelet (∼1.5-4 µm) poses a high risk of localized strain on the platelet membrane, and subsequent activation. The level of tolerance to secondary flow or turbulence therefore may depend on the size and the mechanical or structural properties of cells. For instance, RBC are much more resistant to damage relative to platelets and require an order of magnitude higher stress to induce such effects [25] [26] [27] [28] . An example of such a secondary flow pattern in the form of Taylor vortices in Couette viscometers is discussed in the following section.
Taylor number & annular flow
In annular Couette flow, a dimensionless parameter called the Taylor number determines the importance of centrifugal or inertial forces relative to viscous forces, for the problem of interest. The inertial forces have a tendency to destabilize the viscous forces and lead to instabilities called Taylor vortices [29] . In the special case of stationary outer and rotating inner cylinder, the Taylor number may be defined as:
where R 0 is the outer cylinder radius, R i is the inner cylinder radius, ω is the rotational velocity of the inner cylinder, δ is the annular gap width and ν is the kinematic viscosity of the fluid of interest [30] . The formation of Taylor vortices due to secondary flows between the gap or clearance between two coaxial cylinders (rotating inner and stationary outer) have been extensively investigated [31, 32] . Such vortical flow patterns have been recently utilized to predict their effects on platelets (e.g., increased residence time and higher mixing, possibly leading to more thrombin generation and platelet activation). They have been speculated to decrease contact between the platelets and the artificial surface (of the device or viscometer) and reduce activation (Platelet Factor-4 release) compared with laminar steady flow [33] .
For the narrow gap limit (radius ratio → 1), the Taylor number may be approximated as [18,34]: where R e is the Reynolds number and other parameters are as defined above. The critical Taylor number for the onset of secondary flow (or Taylor vortices) has been reported to be Tc = 1712 for water [35] . In problems with highly dynamic shear stresses where T is likely to exceed Tc, investigation of timescale for change in Taylor number and onset of secondary flow becomes important. It was recently demonstrated with linear stability analysis of Couette flow in the narrow annular gap limit (assuming infinite cylinders) that the time of onset of secondary flow depends on the Taylor number as [34] :
The time limit when secondary flow is clearly observed is approximately 4τ c and supports experimental data [36] . The timescales for onset of such transient dynamic instabilities (<0.2 s) may be nearly instantaneous while investigating dynamic shear stress patterns within in vitro experiments. Highly complex flow behavior has been reported for annular Couette flows depending on radius and aspect (ratio of gap width to cylindrical height) ratios [37, 38] , Reynolds number and dynamics of rotation, such as transitions from circular Couette to Taylor Couette to wavy vortex to turbulent vortex flow [39] . Dynamics of such flow effects can be predicted numerically and explain the enhanced platelet activation in regions of complex flow with relatively smaller Reynolds numbers, but with presumably higher exposure times and collision frequencies.
Design optimization of Couette viscometers
It is critical to identify parameters to minimize development of vortices and reverse-flow regions, in order to study the effect of uniform shear stress on a cell suspension. As mentioned previously, development of vortical flow depends strongly on the annular gap width and is inversely correlated to the radii [18] . Such vortices may either originate from the end walls (outer cylinder) and propagate inwards [38] , or conversely, and may manifest other forms of instabilities [40] , in the narrow gap limit. Once developed, the limits of stability of such modes or patterns of flow may be determined with explicit formulae [32] . A recent blood shearing instrument (BSI) design methodology based on Couette flow utilized CFD simulations for various annular gaps and rotational speeds, and reported that uniformity of shear stress depends on the absolute magnitude of the gap and the ratio of circumferential and axial Reynolds stresses. For a small gap and optimized geometry, uniformity
Review Girdhar & Bluestein in shear stress (up to 1500 Pa) and minimization of vortices and flow reversal may be achieved [41] . A similar approach could be adopted to optimally design the Couette region of a viscometer device.
Thus, the system of coaxial cylinders with limiting annular gap and with the inner rotating cylinder may be utilized to investigate shear induced platelet activation (SIPA) under dynamic conditions, such that the Taylor number does not exceed the critical value. However, this configuration may not be suitable for investigating SIPA in the presence of endothelial cells (ECs) or cultured cells, which may be difficult to culture on curvilinear annular regions of the cylinders. The cone-plate viscometer may therefore be much better suited for multicellular environments involving both cultured and circulating cells.
Cone & plate viscometers
Background
Introduced in 1934 by Mooney and Ewart [42] , it was later used as an alternative to the coaxial Couette viscometers to measure viscosity of biological fluids [43] . The cone and plate viscometer (CPV) has been extensively used since the early 1980s to measure platelet activation, blood viscosity and RBC damage (hemolysis) [44] [45] [46] . The CPV consists of a rotating cone on top of a flat base-plate, with the fluid of interest between the conical surface and the base-plate. The angular separation between the cone surface and the base-plate is typically 0.5°-3°, to maintain uniform shear stress on the fluid of interest (independent of the radial location and the gap clearance). The rotation of the cone can be dynamically controlled with a motor connected to a programmable interface [24, 47] . Recently a dynamically controlled CPV system (DFS) proposed by Blackman and colleagues overcame the limitations of handling complex shear-stress patterns [24, 48] . The system is readily programmable and reproduces arterial shear-stress waveforms as accurately as 0.02%, the lag due to the inertial effects of the system being minimal (~0.01 s). In their recent work, the group used typical-atheroprone and atheroprotective waveforms obtained from imaging studies on the left carotid human artery, to show that phenotypical differences in ECs arise when cultured under these two distinct conditions [49] . The system is mounted on top of an inverted microscope and real-time microscopy of changes in the cells is thus facilitated. More recent applications thus include the effect of shear stress on mechanotransduction and morphological response of ECs [49, 50] , the interaction between platelets and ECs or ligand coated surfaces [51, 52] , and the interaction between platelets and RBC in pathology [53] .
Optimal design of the cone-plate system is essential for studies involving higher shear stresses. Nondimensional Womersley and Reynolds numbers may be used to determine whether secondary flow effects due to dynamic or oscillatory flow conditions become highly significant [54, 55] . Such regional effects are interdependent functions of sample volume, cone angle, cone radius and shear rates [55] . A single modified Reynolds number (discussed in the following section) of the form:
(where r is the cone radius, ω is the rotational velocity of the cone, α is the cone angle, and ν is the kinematic viscosity of the fluid of interest), is sufficient to characterize laminar and turbulent flow regimes [56] . A numerical solution of the problem may be necessary to examine the detailed and localized nonlinear flow effects at higher pathological or highly variable shear stresses. Under low steady shear stress and with a small cone angle (0.5-1°), the flow is laminar in the rotational direction and inertial effects may be ignored, making the analytical solution approach feasible under such conditions. Another issue with the study of cultured cells is the development of large shear-stress gradients due to undulations at the monolayer surface, which may lead to eddy formation and regions of disturbed flow. Such effects have shown to be reduced on subsequent cell alignment in the direction of flow [57, 58] . Thus, in studies involving concurrent shear exposure to cultured and suspended cells under laminar flow conditions, the cultured cells must first be aligned to reduce local secondary flow artifacts. Such secondary flow effects and development of the CPV as a universal device to study both laminar and turbulent flows have been discussed in detail in the following sections.
Modified Reynolds number & CPV
Cox observed secondary flow in the CPV by a dye visualization technique [59] . Sdougos and colleagues later theoretically and experimentally investigated of development of secondary flow in the CPV and showed that a single parameter which is the ratio of centrifugal and viscous flows was sufficient to define limits for laminar and turbulent flow in the CPV [60] . This parameter, , defined as the modified Reynolds number (EQUATION 4), was analogous to earlier independent investigations by Fewell and Hellums [61] . In the limit of →0, viscous force dominates and primary flow results. In the limit of high , the fluid close to the cone experiences outward radial centrifugal force and the fluid close to the plate experiences an inward (opposite) force leading to re-circulation. Well-developed streamlines were observed at less than 0.5, and at a critical greater than 4, turbulent flow was observed. Turbulence was found to originate at the edge of the plate and propagated inward. At high , the fluid near the cone experienced higher shear stress and conversely near the plate a lower shear stress, relative to primary flow values. The CPV can thus be used to study development of laminar or turbulent flow for the same shear stress by optimization of .
CPV as a turbulent flow device
The turbulent and laminar flow regimes for the CPV was characterized by the modified parameter developed by Sdougos [60] , as discussed above. Einav and colleagues extended the application to flow variations in pure turbulent
R e R e R e R e R e flow regimes ( > 4) and showed that with increasing rotational velocity of the cone (or increasing ), a three-layer flow structure with distinct boundaries develops [56] . This is characterized by the large azimuthal velocity gradients at the surface and an approximately steady core flow with small linear gradient. The radial velocity profile showed two regions as discussed before, inward flow at the plate and outward flow at the cone surface. The normalized velocity fluctuations in the gap (fluid between the cone and plate) for turbulent flow ( > 8) collapsed into a single curve, analogous to recent findings of similar volume averaged bulk velocity for primary and secondary flows [55] . More importantly, the fluid shear stress at the plate was found to be consistent with experimental results from Sdougos [60] over a wide range of values. The CPV can therefore be used to study both laminar and turbulent flows, with the core region between the cone and plate exhibiting homogenous turbulence. A single toroidal vortex was observed by the authors within the secondary flow turbulent region, similar to recent findings by Neelamegham and colleagues [54] . Einav and Grad further experimentally determined the velocity distribution of the fluid (radial and circumferential) in the CPV, thereby proposing constitutive equations for the wall and core flow zones [62] . The wall zones are representative of high viscous forces, whereas Reynolds stresses (centrifugal stresses) dominate the core flow regions. They additionally found that the critical modified Reynolds number ( ) for onset of turbulence depends on the surface roughness (of the cone and plate) and the frequency of eddies due to the same can be predicted. In summary, the advantages of the CPV as a turbulent flow device are justified by the following:
• A single parameter is sufficient to characterize onset, transition and full development of turbulence in the CPV; • Instabilities associated with transition from primary to turbulent flow and interaction between the two kinds of flow can be investigated; • Boundaries demarcating primary and secondary flow are well defined and thus a region of interest can be selected in the CPV; • Turbulent flow in the CPV is characteristically similar to planar Couette flow (three distinct flow regimes dependent on ), with the core region exhibiting a homogenous turbulent structure over a wide range of ; • The same system may be used to study laminar or primary flow with the same time averaged shear stresses, for comparison.
Recent investigations on flow transitions in the CPV
The CPV was recently numerically characterized and utilized to investigate neutrophil aggregation under shear stress [54, 55] . At higher shear rates, a significant deviation in uniformity of shear stress was observed and caused a multidirectional flow pattern in the CPV and resulted in significantly high hydrodynamic forces on cultured cells and cell suspensions. Under low shear stress conditions and low cone angle, unidirectional flow (often referred to as primary flow) conditions were shown to exist in the CPV. Under such conditions, the rotational velocity component (only nonzero component of the velocity tensor in case of primary flow) can be approximated as ω/α, and is independent of position in the CPV. However at higher shear stresses significant centrifugal forces give rise to disturbed or mixed flow conditions (due to fluid flow radially away from the cone surface), which can be characterized by the Reynolds number and the cone angle. Such nonlinear flow effects on plate surface stress, collision frequency and the rate of aggregation of cell suspensions, were spatially localized to the outer edge of the CPV and were examined in detail. These spatiotemporal variations in local forces may result in incorrect conclusions in biophysical experiments with respect to cellular aggregation and activation (e.g., platelets and neutrophils) and mechanotransduction (ECs). Shankaran and Neelamegham solved the Navier-Stokes and vorticity transport equations to illustrate such local variations in the CPV over a range of shear rates (0-8000 s -1 ) and cone angles (0.5-2°). Major approximations of the study, however, were the use of a Newtonian fluid model and the absence of fluid interial forces, which may warrant further elucidation when applied to lower shear stresses over whole blood in the CPV. However, such analyses are particularly useful to analyze homotypic and heterotypic cell aggregation by modulation of kinetic on-rates, interaction forces (compressive and tensile), interaction times and collision frequency.
Rotational flow observation & inertial effects in CPV
In a recent study, an optically transparent CPV system, with multiple rheological units and medium-exchange ports, was designed to investigate the effects of laminar or turbulent fluid shear stress on cultured vascular ECs [63] . Development of laminar and turbulent flow patterns was observed by dissolution of a dye on the plate of the CPV. The authors used the modified Reynolds number introduced by Sdougos et al. [60] to estimate the upper limit of cone rotational speed for laminar and turbulent flow. More importantly, the authors estimated the characteristic growth time of the shear stress from the cone surface to the plate extrapolated from the Rayleigh solution for fluid between a stationary and a suddenly moving plate. The time scale of these inertial effects is directly proportional to the cone angle, being 0.06 s for a cone angle of 2°. Thus, inertial effects due to rapidly changing shear stress in a dynamic system may be minimized by reducing the cone angle. A numerical investigation of such inertial effects (time-lag until steady state ∼0.001 s) and distribution of shear stress in unsteady (oscillating and pulsating) flow in the CPV was recently investigated [64] . The analysis addressed the limitations of analytical solutions for CPV proposed earlier (i.e., infinite radius of the CPV) and suggested numerical calculation to delineate nonuniform shearstress distribution at high cone rotations (ω > 100 rpm). Such analyses would be complementary to the analytical solutions proposed earlier by Einav and Sdougos. The minimization of inertial effects in the CPV is absolutely essential to replicate dynamically changing shear stresses encountered in cardiovascular devices.
Hemodynamic shear device
This device was developed in the authors' laboratory, combining cone-plate with cylindrical (coaxial) Couette flow viscometry. The dynamic capabilities are introduced via a programmable interface [24, 47] . The device has been successfully used to investigate the shear-induced damage and subsequent recovery of human platelets [65] . A schematic of the device is shown in FIGURE 1. The HSD is designed such that the shear stresses in both the Couette and cone-and-plate regions are equal, according to the equations:
where µ is the kinematic viscosity (1 cP for water or 3 cP for whole blood), ω is the dynamically changing angular velocity of the cone (input via the programmable interface), α is the cone angle, and R 0 and R i are the inner radius of the outer ring and outer radius of the cone, respectively. In the present design, a 2°c one rests 10 µm above the stationary plate (precision controlled height achieved with a micrometer of 20 µm pitch). The Couette annulus surrounding the cone is 740 µm in width. The dynamics of the system can be optimized by choice of the motor and controller. In the present system, rotational dynamics of the cone were introduced via a stepper motor (Parker Hannifin Corporation, CA, USA), which was programmed with the supplied Motion Architect software (Compumotor6000), and transferred to the cone via a microstepping drive. Rapid changes in cone rotation under highly dynamic conditions may lead to significant secondary flow and development of nonuniform shear stress. We utilize the modified Reynolds number proposed before EQUATION 4 combining the Reynolds and Womersley numbers, which account for the influences of the local acceleration and centripetal force, respectively) to determine the limit of secondary flow effects [54, 55, 66] .
Potential mixing effects due to the blood-air interface at the top of the Couette region may become apparent only at high shear stresses (τ > 4000 dynes/cm 2 ) [67] . The present HSD system is capable of a peak shear stress of 65 dynes/cm 2 (for whole blood) before any secondary flow effects become apparent ( > 0.5). Ultra-high molecular weight polyethylene, which is chemically inert to blood as demonstrated in its use for several biomedical applications [68] [69] [70] , was utilized to manufacture the cone, base-plate and surrounding ring of the HSD as shown in FIGURE 1.
Application of the HSD to study platelet activation
Platelets get exposed to substantially varying shear stresses in vivo, and mechanisms under which they maintain quiescent or unactivated state may strongly depend on their stress loading 
history during circulation. In this study, platelets were exposed to varying shear stress of moderate-to-low magnitude (1.5-20 dynes/cm 2 , FIGURE 2) in the HSD [65] and their instantaneous activation state was measured over time. The platelet membrane damage measured in the HSD and platelet damage accumulation model based on SIPA and genetic algorithm (GA) that predicts this damage were effectively correlated. The study presents an important demonstration of the utility of the HSD to investigate SIPA under dynamically variable shear-stress loading conditions. Specifically, a saw-tooth pattern of shear stress was generated via a programmable interface as discussed previously. The time between the peaks or saw-tooth patterns (T2, FIGURE 2) was varied from 10 to 60 s to demonstrate time-dependent recovery of platelets from SIPA. Platelets were sampled periodically from the Couette region of the HSD (FIGURE 1) and their activity was determined using the innovative PAS assay developed in the authors' laboratory [71] . Platelet activity decreased with increasing T2 or 'relaxation time' between the peak shear stress. The experimental results showing platelet damage and recovery under shear stress obtained herein were in excellent agreement with mathematical damage accumulation models proposed by Grigioni et al. [72, 73] , originally developed for RBC hemolysis and adapted for platelets in the study described previously [65] .
SIPA during passage through heart valves
Recently, the effect of cumulative stress loading on platelets as they pass through specific areas of MHV were investigated in a 3D numerical model [74] . Blood was modeled as two-phase nonNewtonian fluid, platelets as solid spheres and total particle stress (including intermittent turbulent stresses) was calculated using the Wilcox k-ω turbulence model. Flow conditions were representative of deceleration phase (0.3 s) after peak systole (during which shed vortices and elevated shear stress enhance SIPA). The trajectories of four particles (platelets) and their cumulative stress values as they pass through specific locations in the valve geometry are shown in FIGURE 3. It can be inferred that geometric irregularities around valve hinges and boundaries lead to elevated cumulative shear stress on the platelets, thus causing activation. The instantaneous shear stress (noncumulative) on these particles is shown in FIGURE 3. Such stress trajectories may be effectively replicated within the HSD, as discussed in the following section. The HSD -interfaced with the numerical simulations -can be then be used to test design modifications by altering the device geometry in the numerical (virtual) domain, computing the resulting trajectories and their corresponding load histories, and programming the HSD accordingly. Thus, optimization of the thrombogenic performance of the device can be achieved before prototypes are built and tested in costly preclinical trials.
Optimization of HSD to investigate dynamic stresses
Let us consider the stress trajectory with a peak shear stress of 80 dynes/cm 2 (FIGURE 3). For cone geometry (angle = 0.5°; radius = 0.02 m) and a shear stress of 80 dynes/cm 2 , fluid inertial effects (based on first approximation of shear layer growth time) may not be significant (time to steady state ∼ 0.003 s). The inertial effects of the system (dynamic response time) may be minimized by choice of a high-peak torque servo motor and controller system, with an external encoder (to obtain position-feedback). The peak modified Reynolds number for this configuration would be 0.013, thereby precluding any secondary flow effects (<10% azimuthal turbulence), as predicted by Einav [56] and Sdougos [60] . The regular Reynolds number can be calculated as 2000 and minimal variation in stream function and shear stress across the fluid (including edge effects) can be predicted [54, 55] . The interparticle forces, and adhesion and collision frequency between platelets may be predicted to be close to primary flow [54] . Analysis of the Couette region of the HSD, shows that the Taylor number at peak shear stress would be smaller than the critical value (T = 460; Tc = 1712; T < Tc) for initiation of vortices or significant secondary flow. In the present geometry, the ratio of radii of the inner and outer surface in the annular Couette region is 0.99. Hence the flow in the annular region can be approximated as planar Couette flow. Since onset and dissipation of Taylor vortices and turbulence patterns has been reported over wide ranges, it is difficult to predict the flow behavior for a particular geometry. This can, however, be greatly facilitated by numerical solution coupled with experimental observation at rapid frame rates to isolate localized turbulence occurrences.
Limitations of the HSD
Characterization of flow patterns within HSD for each flow condition may be critical in cases where increased platelet activation cannot be explained on the basis of programmed shear rates and exposure time. Fluid inertia presents a considerable challenge for problems with highly dynamic changes in shear stress that could possibly overwhelm time to reach steady state. Development of an alternative method based on the effect of cumulative shear stress on platelets may therefore be necessary. Blood is a non-Newtonian fluid and this imposes limitations on direct measurements within the HSD on whole blood at low shear rates, where a bulk viscosity cannot be assumed. In such cases, the effect of shear stress on individual thrombogenic components of blood, such as platelets, can be investigated since a bulk viscosity can then be used, with the same overall shear stress. The air-blood interface at the top of the Couette region in the HSD may introduce significant artifacts at very high (τ > 4000 dynes/cm 2 ) shear-stress conditions due to secondary flow characteristic of the 'open or free-boundary' Couette flow problem. For better optimization of the present HSD system, the influence of axial flow from the cone region on the annular Couette flow and any fluid mixing effects between the cone and Couette regions need to be numerically characterized for a range of flow conditions. The numerical calculation is also essential to identify the length scales of turbulent eddy in both regions to ascertain their local effects on circulating cells (platelets, RBC or leukocytes). The dynamic range of pathological and dynamic shear stresses may be limited for multicellular environments involving cultured cells which may necessitate the use of larger cone angles (to accommodate larger sample volumes) at which uniformity in applied stresses may be severely compromised. Furthermore, it is nearly impossible to eliminate the occurrence of vortices and regions of variable shear fields within the Couette region of the HSD. However, a numerical approach could be adopted to optimize the annular gap and aspect ratio to minimize such secondary flow effects, over a large dynamic range of shear stresses.
Studies of endothelial cells, RBC, platelets & their interaction
This section summarizes the effects of dynamic shear stress on ECs, RBC and platelets. These effects, distinct from laminar shear stress and implicated in pathophysiology, are key to understanding the development of cardiovascular disease in vitro and underscore the need to develop the HSD for this purpose.
Endothelial cells
ECs form the inner lining of blood vessels and are constantly exposed to myriad flow conditions in vivo depending on the vasculature. These conditions largely dictate their inflammatory response in the form of altered-adhesion molecule expression [75, 76] , cytokine secretion [77] , leukocyte recruitment and transmigration, and release of vasoactive compounds by mechanotransduction [78] . Although pro-or atherothrombotic flow conditions have been described by several groups, such studies have largely focused on only one cell type and ignored any cell-specific responses in a more complex milieu [49, 79, 80] . For instance, let us examine the platelet-EC system. Typically low shear-stress conditions with high spatial gradients are believed to be prothrombotic due to decreased release of protective NO derivatives by ECs, increased expression of proinflammatory genes, and increased vascular permeability under those conditions [81] [82] [83] [84] . However, such conditions may not cause sufficient shear-induced platelet activation and subsequent aggregation. Conversely, arterial flow conditions favoring significant platelet activation may be atheroprotective from an EC standpoint due to more substantial release of protective vasoactive mediators. Besides the absolute magnitude of shear stress, the complex topography of such stimuli may be critical in examining cell-specific responses. For instance, ECs may be more protective under pulsed shear conditions compared to constant shear stresses, when exposed to the same overall shear stress [48, 78, 85] . As a corollary, platelets may be prone to higher activation levels when exposed to peak stress waveforms (for instance, when passing through a stenosed region or a heart valve). To date, in vitro studies have mostly investigated simple (laminar, pulsatile or oscillating shear stress) alterations in fluid shear stress and their downstream effects.
ECs align parallel to direction of flow under laminar unidirectional shear stress, guided by the structural dynamics of focal adhesions, extracellular matrix (ECM) proteins and cytoskeletal rearrangements [86] . This flow dependent alignment is strongly influenced by the endothelial glycocalyx, in the absence of which no alignment but increased proliferation occurs [87] . Additionally, the rearrangement of the glycocalyx above the cell-cell contacts after prolonged shear stress exposure is implicated in reducing the shear stress gradients at the surface of the monolayer [87] . Such structural changes in the glycocalyx due to degradation of matrix proteins in atheroprone conditions may also increase the local shear rate at the surface of the cell (EC membrane) [88] . In terms of EC atheroprotective function, disruption of the glycocalyx (heparan sulfate, chondroitin sulfate, hyaluronic acid and oligosaccharides) reduces NO release from the EC [89] . The redistribution of EC surface stresses and subcellular stresses [57, 58] and their altered vascular protective function are of key importance when investigating their function under dynamic shear stress in vitro.
ECs are constantly subject to normal (blood flow) and circumferential (stretch) stress that are coregulatory in their response to vascular function. Gene expression studies that investigate response of ECs to oscillating or reversed flow at high frequencies show a pronounced increased in proinflammatory profiles (e.g., IL-8 and vascular cell adhesion molecule [VCAM]-1) relative to steady shear stress [85] . Curved regions of the arterial segment, that exhibit disturbed or multidirectional flow, may therefore develop proatherogenic phenotype due to unbalance of stresses leading to disturbed hemostasis [78] . Over the past 20 years, Chien and colleagues have investigated, in detail, the altered gene expression in ECs subject to physiological and pathological shear stress and cyclic stretch [78] . Circumferential stretch in addition to shear stress increases cytoskeletal stress fiber size and orientation synergistically [90] , supporting the suppression of proinflammatory gene expression, and increase in anti-inflammatory Jun N terminal Kinase (JNK), Growth arrest and DNA damage inducible gene (GADD45), and Kruppel-like factor (KLF2) activity [78] . It should be noted that the timescale of altered vascular function under pathological conditions could be significantly different from other cells under similar conditions. For instance, within the context of developing an in vitro system to investigate platelet activation in the presence of ECs under dynamic shear conditions, altered vascular function may first be established by preconditioning the ECs to pathological shear stress (followed by a genetic screening to confirm prothrombotic state) prior to being exposed to platelets.
Red blood cells
RBC constitute 42-46% of the total blood volume. These deformable biconcave disks occupy the center of the blood vessels, leaving approximately 3-6 µm of a plasma-rich layer near the endothelium [91] . Dense RBC envelopes have been shown to significantly enhance leukocyte rolling and adhesion on the endothelium and, subsequently, promote inflammation [92, 93] . Under low shear stresses (τ < 1 dyne/cm 2 ) that favor rouleaux formation, RBC have been shown to significantly adhere to activated platelets, a mechanism proposed for deep-vein thrombosis (DVT) [94] . This evidence suggests that thrombogenesis may be significantly promoted in multicellular environments. An important mechanism for RBC to facilitate platelet adhesion and activation includes the release of ADP from the RBC [95] , and this potentiates the thrombogenicity of platelets in multicellular environments [96] . In earlier studies, the chemical and physical effects of RBC on platelets was investigated by Alkhamis and colleagues and they showed that only 2% of the total ADP in the RBC was sufficient to cause platelet activation and aggregation and was nearly 60% of the total ADP released during SIPA [97, 98] .
Besides influencing thrombogenicity under altered flow conditions, RBC also undergo hemolysis in response to elevated pathological shear stress, often leading to TE and cardioembolic stroke [99] . It has been shown in in vitro studies with the Couette viscometer system that RBC hemolyse under shear stress in excess of 1500-4000 dynes/cm 2 [67, 100] and the damage is further increased by irregular or dynamic shear patterns [101] . The unique mechanical properties of the RBC wall (spectrin network remodeling [102] and association with the phospholipid bilayer) delineate its ability to rapidly deform (fluidize) and recover its biconcave shape under varying shear stresses [103] . Predominantly high shear stresses over long exposure times are required for RBC hemolysis and such continuum approaches to estimate damage (extreme plasticity) can be integrated with microscale spectrin dynamics models, as a corollary to in vitro experiments.
The aggregation of RBC and their effect on the apparent blood viscosity is strongly influenced by the shear rate and has been successfully investigated in optically transparent cone-plate viscometers [104] . Disruption of this normal blood-flow 'structuring' by the RBC leads to local hemorheological disturbances such as local aggregation (leading to increased leukocyte-EC adhesion) in the microvasculature [105] . An optically transparent HSD can therefore be utilized to predict the altered instantaneous dynamic response of RBC (e.g., membrane viscoelasticity and shear modulus) under pathological conditions (e.g., dynamic shear stress waveforms extracted from numerical studies for flow past PHV) as compared to normal physiological flow. Although hemolysis occurs only at very high shear stress and long exposure times (t > 100 ms) as mentioned before, observation of RBC-platelet interactions on exposure to intermittent bursts of shear stress such as during passage through the hinge region of PHV, followed by determination of thrombogenic potential, may be substantially useful in optimizing design of such PHV.
Platelets
Platelets (1.5-4-µm disks) are key hemostatic elements involved in plug or clot formation by aggregation, which typically involves platelet surface receptors (glycoprotein 1b and integrin αIIβ3), fibrinogen and release of agonists (ADP, thrombin and thromboxane) by activated platelets [106] . In earlier studies on SIPA in the Couette viscometer, Goldsmith and colleagues showed that thrombus formation was significantly enhanced in oscillatory flow whereby platelets have increased collision frequency [107] . The influence of RBC on platelet activation was Review Girdhar & Bluestein later introduced by Sutera et al. [47] , whereby SIPA and platelet aggregation was confirmed to be significantly greater under pulsatile or dynamic conditions relative to constant shear stress. The effect was more pronounced at shear stress higher than 10 dynes/cm 2 , which confirmed the existence of threshold for SIPA [67, 108] . Platelet activation, aggregation and microparticle release, either alone or with RBC, on exposure to normal or pathological shear stress have since been extensively investigated in cone and plate or Couette viscometers [46, 51, 52, [109] [110] [111] [112] . However, these studies did not consider diverse flow dynamics and their effects on SIPA such as stagnation, flow reversal, local turbulence and eddy currents, as might be expected in vivo when platelets pass through complex geometries.
Platelet activation under such physiological flow trajectories have been investigated in recirculation devices for flow past PHV [4] [5] [6] . Additionally, numerical calculations also show the cumulative effect of shear stress and exposure time (spatio-temporal) on platelet activation under such conditions [9] [10] [11] . It has also been shown that SIPA and thrombin generation is strongly influenced by platelet counts and platelet-platelet cooperativity [113] . Such effects may therefore be substantially enhanced due to recirculation within Taylor vortices, where the duration of shear exposure and platelet-platelet collisions may be significantly increased relative to bulk flow. The shear stresses due to such flow effects can be effectively reproduced in Couette viscometers by appropriate choice of geometrical (e.g., radius ratio of the inner rotating and outer stationary cylinders, and aspect ratio, of the Couette viscometer) and experimental (e.g., rotational velocity and acceleration of the inner cylinder, viscosity of the fluid and overall shear stress) parameters [31, 37] . Shear stress waveforms from numerical simulations may thus be reproduced in vitro with a dynamically controlled viscometer and thrombin generation from shear-stress activated platelets can be measured to determine thrombogenicity associated with PHV or recirculation devices.
Platelets are exposed to continuously varying shear stress in vivo. The average transit times of platelets through regions of high cumulative shear stress may be relatively small compared with the overall transit through the vasculature. This may allow the platelets to recover or reverse their activated state and regain their discoid shape. The mechanics and kinetics of recovery of platelets after acute shear-stress exposure have been recently experimentally investigated in the HSD as discussed previously [65] . These results show remarkable agreement with numerical predictions from a cumulative damage accumulation model (i.e., cumulative effect of previous activated state, shear loading history and exposure time) originally proposed to investigate RBC hemolysis [72, 73] . More importantly, the study demonstrates the utility of dynamic viscometers in emulating shear-loading histories (and determination of their effects on platelets) typically found in arterial circulation and recirculation devices.
Prominent methods to determine platelet activation include measuring change in expression of cell-surface receptors by flow cytometry, rate of platelet aggregation with agonist (thrombin receptor activators or calcium ionophore) treatment, and rate of thrombin generation as a function of Factor Va release by platelets [71, 114, 115] . Of these methods, the direct measurement of thrombin generation without feedback has been developed in the authors' laboratory and is a highly reliable method (~0.1% relative error) for determining the rate of platelet activation and hence thrombogenicity of recirculation devices [116] . This method can be utilized to determine SIPA in dynamic viscometers as a corollary to that determined in recirculation devices to accurately identify shear-stress trajectories that cause significant platelet activation. Using the aforementioned approaches, the design of PHV or recirculation devices can therefore be optimized to minimize thrombogenicity.
Expert commentary
The purpose of the HSD, as discussed in this review, is to be able to replicate shear-stress patterns in and around PHV and other cardiovascular prosthetic devices geometries calculated numerically using novel approaches as discussed previously by the author [117] . Once design optimization has been achieved numerically to minimize the predicted cumulative platelet damage in recirculation devices and PHV [74] , the dynamic shear stress information can be fed to the HSD and the effect of such localized stress trajectories on platelet activation can be accurately assessed in vitro. The basic advantage is the accentuation of specific shear stresses due to minute design alterations of PHV, on damage or activation of cells of interest. Further optimization of this top-down approach would therefore facilitate the least thrombogenic design for the implantable device. Thus, significant cost minimization can be achieved before expensive prototypes are developed and tested in preclinical trials.
The CPV analysis, analytically and experimentally investigated by various groups (e.g., Einav, Neelamegham and Schnittler), has established CPV as a compact flow system to study both laminar and turbulent shear stresses and the interaction between them in distinct regions. With the CPV, both laminar and turbulent stresses can be generated for the same time-averaged shear stress. The characteristics of flow in the CPV can be defined and controlled with two parameters: the modified Reynolds number and the cone angle. Optimization of the geometry thus provides an invaluable solution to investigate a wide range of shear stresses and flow patterns (extracted from in vivo measurements or from numerical simulations) in the CPV. At higher speeds of rotation (corresponding to pathological shear stresses), a numerical solution can provide accurate localized stress distribution. The lagtime associated with the CPV is of the order of 0.001 s and is inversely related to the cone angle. Thus, highly dynamic shear-stress trajectories can be investigated for their temporal effects on cells and interactions between them.
The basic advantage of integrating the CPV with Couette flow in our HSD device is to facilitate sampling from the Couette region of the cell sample of interest to investigate real-time changes in activation state. Since the Couette region has a large aspect ratio (70) and radius ratio close to 1 (0.99), the flow can be approximated as planar Couette and may be further characterized by Taylor number for the fluid of interest. For a narrow gap, the inertial effects can therefore be predicted to be of the same scale as those found for the CPV. Detailed flow patterns in both the CPV and Couette viscometer have been investigated extensively and are beyond the scope of this review. Of pertinent interest is the ability to replicate highly complex shear-stress trajectories without considerable inertial and secondary flow effects, for their localized and integrated effects on cell populations.
Five-year view
Several advances to optimize in vivo device thrombogenicity by developing dynamic in vitro devices can be made over the next 5 years. With the advancement of technology and availability of highly dynamic motor-controller systems, the HSD can be optimized for high temporal-sensitivity measurements. Rapid advancement in numerical techniques now incorporating fluid structure interaction and effects of localized particle concentrations, will further facilitate more accurate extraction of thrombogenic flow patterns in and around devices and replicate them for in vitro experiments. Furthermore, it will facilitate more accurate replication of normal and pathophysiological flow conditions in the vascalture, under which interaction of various blood constituents with the endothelium would be critical for advancing our understanding of the progression of cardiovascular disease. Progress on all these fronts would enable the HSD and similar compact in vitro systems to emerge as invaluable tools for device thrombogenicity optimization and development of in vitro disease models. No writing assistance was utilized in the production of this manuscript.
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Key issues
• Prosthetic blood recirculating cardiovascular devices such as prosthetic heart valves induce the emergence of pathologic-flow patterns, such as shed vortices and turbulence, elevating the stress levels to which blood constituents are exposed to, which may lead to thromboembolism even with the administration of anticoagulation.
• The thrombogenic effects of local shear-stress trajectories in these devices cannot be determined from bulk platelet activation measurements in the device -a compact programmable dynamic in vitro system interfaced to numerical simulations can address this.
• Accentuation of the minute and very specific effects of device design modifications (such as local shear-stress trajectories mentioned above) on cell suspensions can be accomplished in a viscometer, which could then be a universal (device independent) thrombogenicity testing tool for any blood recirculation device for its design optimization.
• The cone and plate viscometer (CPV) has been established as a compact flow system for investigating laminar and turbulent flow conditions.
• In CPV systems, the extent of secondary flow and its influence on particle dynamics, cell-cell interaction and distribution shear stress can be determined with by controlling two main parameters: modified Reynolds number and cone angle.
• The annular Couette flow device has been widely used for determining shear-induced hematological damage (platelets and red cells), and can be effectively integrated with the CPV into one device (hemodynamic shear device).
• Complex dynamic flow patterns are capable of conferring very distinct functional effects on vascular endothelial cells, platelets and red blood cells, and can be tested in such compact systems under wide range of pathophysiological flow conditions.
• The thromogenic potential of cardiovascular devices (e.g., prosthetic heart valves) can be optimized in the numerical (virtual) domain and the optimization then tested in the hemodynamic shear device, in order to achieve thrombogenicity optimization for the device before costly prototypes are built and preclinically tested.
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